Background Although stainless steel has been produced for more than a hundred years, exposure-related mortality data for production workers are limited.
Introduction
The Finnish ferrochromium and stainless steel production chain is unique. All units are in the same geographic area and owned by the same company (the only producer of stainless steel in Finland). Various metallurgical species of chromium are encountered in workplace air at different stages of production, from chromite ore mining to cold rolling of stainless steel.
Most workers who joined the company in the 1960s, 70s and 80s belonged to the first generation of professionals in mining and metallurgical production. The annual turnover rate of workers was about 2-4% so it is possible to follow the same sub-cohorts working in the same departments over time.
No adverse long-term respiratory health effects have been observed in previous studies of Finnish ferrochromium and stainless steel production [1, 2] . Overall cancer incidence was not elevated and lung cancer risk was decreased by about 20% [3] . Earlier studies of ferrochromium and stainless steel industry workers [4] [5] [6] [7] [8] have not found significantly elevated mortality but these studies were relatively small. In a Swedish study [8] , there was a significant increase in mortality caused by accidents and violence in short-term workers.
In ferrochromium and stainless steel production, fine and ultrafine particles may be generated in the smelting and melting processes and emitted from diesel-powered vehicles. Long-term exposure to fine particulate air pollution is associated with cardiovascular mortality probably due to pulmonary and systemic inflammation and accelerated atherosclerosis [9] [10] [11] .
According to earlier exposure studies at Outokumpu Tornio Works (the Finnish stainless steel production company), the median personal workplace air concentration of Cr 6+ in the ferrochromium smelter was below the detection limit of the method (0.5 µg/m 3 , maximum 2.4 µg/m 3 ) [12] . In an analysis using a field emission scanning electron microscope, the aerosols from the ferrochromium smelter were observed to contain agglomerates of particles with a diameter of <1 µm. Chromium seemed to be dissolved in a silica matrix. The particles encountered in the stainless steel melting shop were predominantly metal alloys. No pure chromium or nickel particles were observed [13] . In an analysis using scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS) and X-ray diffraction, the composition of the metal particles generated from the melting process and released to the ambient air was observed to resemble stainless steel [14] . In a continuous outdoor air quality monitoring programme within the industrial area of Outokumpu Tornio Works, the mean concentration of chromium in the respirable particles (PM 10 ) was 181 ng/ m 3 . The respective figure for nickel was 77 ng/m 3 [15] . The aim of this study was to assess cause-specific mortality in Finnish ferrochromium and stainless steel workers employed since the beginning of production in 1967, with special reference to circulatory and respiratory diseases.
Methods
We studied everyone employed at the Kemi mine and Tornio production units of Outokumpu Group (called We obtained causes of death from first employment or 1 January 1971, whichever was later, to emigration, death or 31 December 2012, whichever was first. We further divided the data by time elapsed since first employment and analysed them by production department (Table 1) , from the date when a person had worked for 5 years in a department.
We counted observed deaths and person-years at risk, by 5-year age groups, separately for males and females, and for seven 6-year calendar periods between 1971 and 2012. We calculated expected numbers of deaths and specific causes of death by multiplying person-years in each stratum by the corresponding average mortality and cause-specific mortality in the population of the area of the Regional Age in n columns defined in the beginning of follow-up.
State Administrative Agency for Northern Finland. As Tornio Works is at the northernmost end of the Baltic Sea on the Swedish border, we assumed that selected reference rates represented typical mortality levels in that region. To calculate standardized mortality ratios (SMRs) for broader age ranges, we added up age-specific observed numbers of deaths and divided by the sum of expected numbers of respective age categories. To calculate 95% confidence intervals (CIs) for the SMRs, we assumed that the number of observed deaths followed a Poisson distribution.
This study received ethical approval from the National Institute for Health and Welfare (THL/1010/5.05.00/2012).
Results
We followed up 6293 men (158 642 person-years) and 1795 women (41 118 person-years) in the cohort (Table 1) . Mean individual follow-up was 24.7 years. We observed 451 deaths caused by diseases. The expected number was 586.4 and the SMR was 0.77 (95% CI 0.70-0.84) ( Table 2) . Overall mortality, mortality from diseases of the circulatory system, and in particular from ischaemic heart disease, was significantly decreased ( Table 2 ). The SMR for all malignant neoplasms combined was 0.88 (95% CI 0.73-1.03) and for lung cancer 0.80 (95% CI 0.55-1.12) ( Table 2 ). In those who had worked in the same department for >5 years, the SMR for lung cancer was 0.60 (95% CI 0.33-1.01) ( Table 3 ). In department-specific analyses, there were significant decreases in circulatory disease mortality in chromite mine workers, in the stainless steel melting shop, in the metallurgical laboratory and in the offices (Table 3 ). The SMR for accidents was 0.84 (95% CI 0.67-1.0) and for suicides 0.72 (95% CI 0.56-0.91) ( Table 4) .
There were no significant differences between the SMRs according to age, period or sex. 
Discussion
We found significant decreases in overall mortality, and in particular in mortality from circulatory diseases, accidents and suicides. Strengths of our study include the use of non-selected national registers with good data accuracy and coverage, long follow-up time and complete information on causes of death [16] . However, information on cofactors was not systematically available.
We used the mortality rates of the population of Northern Finland as the main reference because mortality rates vary geographically. Mortality also varies according to socio-economic position. The majority of the workers in the departments at Tornio Works belong to the category of skilled blue-collar workers who in the general population have an average or slightly elevated overall mortality [17] . If we had been able to adjust our SMRs for social class, the overall SMR and most of the cause-specific SMRs would have been even lower.
A Norwegian study of ferrochromium workers found an SMR of 0.81 [7] but a Swedish study of 1876 men working in ferrochromium production and followed from 1951 to 1975 found an SMR of 0.99 [8] . In three studies in the French stainless steel industry, the total SMRs were 0.82 (95% CI 0.69-0.97), 1.04 (95% CI 0.95-1.14) and 0.91 (95% CI 0.84-0.98) [4] [5] [6] . The Swedish study reported an SMR for circulatory diseases of 1.04 (95% CI 0.90-1.20) [8] . In the French studies, the SMRs for circulatory diseases were 1.04 (95% CI 0.73-1.44), 0.87 (95% CI 0.70-1.06) and 0.90 (95% CI 0.77-1.04) [4] [5] [6] . The Swedish study found an SMR for respiratory diseases of 0.76 (95% CI 0.76-1.23) [8] . In the French stainless steel industry cohorts, the SMRs were 0.15 (95% CI 0.00-0.86), 0.88 (95% CI 0.51-1.40) and 0.89 (0.57-1.09) [4] [5] [6] . In the Swedish study, the SMR for deaths due to accidents, poisoning, suicides and violence was 1.3 (95% CI 1.0-1.8) [8] . In the French stainless steel industry studies, the SMRs for accidents and violence were close to 1.0 [4, 5] .
Our results for cancer mortality reflect the observations for cancer incidence of the same cohort published and discussed before [3] . Since the numbers of cancer deaths are smaller than numbers of incident cancers and the accuracy of incidence information, from the Finnish Cancer Registry, is higher than can be obtained from death-certificate-based mortality statistics, we do not discuss the cancer-specific SMRs here.
Smoking is the most important confounder and has not been controlled for in most studies. It may lead to a bias in a different direction, depending on whether smoking in the cohort is lower or higher than in the reference population. Smoking habits of a representative sample of the employees of the Tornio Works were documented in connection with two identical crosssectional respiratory health studies in 1993 and 1998 [2] . The prevalence of smoking in male employees in 1993 varied from 28% in the ferrochromium smelter and stainless steel melting shop to 58% in the chromite mine and in 1998 from 27% in the ferrochromium smelter and the stainless steel melting shop to 43% in the cold rolling mill. The prevalence of smoking in men in the province of Lapland in Northern Finland in 1990-2005 varied from 20% in the highest educational class to 42% in the lowest one [18] . Hence, the confounding due to smoking in our study appears to be small and the smoking figures rather point towards a negative confounding.
SMRs observed in studies from different ferrochromium industry cohorts may vary due to differences in industrial processes and exposure levels. For instance, the ferrochromium electric arc furnaces in Norway were either open or semi-closed furnaces, while the Finnish furnaces are fully closed ones with reducing conditions within the furnace. The production technology has been developed continuously and best available technology utilized. The driving forces have been not only occupational hygiene and safety, but also productivity, energy efficiency and environmental impact, all of which have benefitted from active development. This technological feature explains why the exposure levels to Cr 6+ were substantially higher in the Norwegian cohorts (variation 13-8000 µg/m 3 ) than in the Finnish one (median below 0.5 µg/m 3 and maximum 2.4 µg/m 3 ). It is common for mortality to be low for some years after first employment (healthy worker effect) but in this cohort the SMRs remained low throughout follow-up. The health of all employees at Tornio Works was monitored regularly by the company's own on-site occupational health unit, which besides preventive services also provided treatment of common acute and chronic diseases and illnesses. This, in addition to selection of employees with relatively healthy lifestyle, may have contributed to decreased disease mortality among workers in the cohort.
General safety awareness at Tornio Works has been raised by frequently organized safety campaigns.
Occupational safety has been a top priority in the company's operations for decades.
Key points
• Mortality from respiratory and circulatory diseases in Finnish ferrochromium and stainless steel industry workers was not increased as might have been expected on the basis of earlier publications.
• We found no increase in mortality from other diseases or accidents and violence.
• The occupational exposures or working conditions in the Finnish ferrochromium and stainless steel industry appear not to be associated with increased mortality from any cause of death.
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